Although the ZnO nanoparticles (NPs) have been widely used in research and industry, their health risks are only concerned very recently. In this paper, attention is paid to elucidate the toxic effects and intrinsic mechanism of ZnO NPs to RAW 246.7 macrophage cells. The ZnO NPs from industry additives had a diameter of ∼37 nm in a dry state and aggregated to submicron size in cell culture medium with slightly negative surface charge. Influences of ZnO NPs on cell toxicity and functions were then studied in terms of cell viability, mitochondrial membrane potential (MMP), total and released lactate dehydrogenase (LDH) activity, intracellular level of reactive oxygen species (ROS) and Zn 2+ concentration. The ZnO NPs induced elevation of intracellular Zn 2+ concentration, leading to the over generation of intracellular ROS, leakage of plasma membrane, dysfunction of mitochondria, and cell death. The solubility of ZnO NPs was found largely enhanced in acidic environment (pH 5.5), compared to physiological condition (pH 7.2). Inhibition of cell uptake of ZnO NPs would largely reduce the cytotoxicity. These results demonstrate that the cell uptake, intracellular dissolution and thereafter release of Zn 2+ are the intrinsic reasons for the high toxicity of ZnO NPs.
INTRODUCTION
During the past decades, developments and applications of metal and metal oxide nanoparticles (NPs) have been dramatically increased in research and industrial production due to their remarkable electronic, magnetic and optical properties. 1 Among them, ZnO NPs are widely used in many fields such as rubber manufacture, cosmetics, pigments, food additives, medicine, and electronics industries due to their UV light absorption, antimicrobial, catalytic, semi-conducting, and magnetic properties. [2] [3] [4] The small size and large surface area of the NPs would not only give specific physicochemical properties that are not shown in the bulk form but also induce some unexpected adverse effects on human beings and environment. Thus, a thorough study of the interactions between NPs and biological system, aiming to understand possible side-effects of the NPs, is one of the prerequisites for their applications. 5 In recent years, the health risks of ZnO NPs are gradually concerned. [6] [7] [8] Hackenberg et al. demonstrated that no cyto-or genotoxicity can be seen for ZnO powder * Authors to whom correspondence should be addressed. whose mean diameter is 11.5 m. 9 However, ZnO NPs in the aggregates with a diameter of 350 nm are capable to induce DNA damage and inflammation even in low concentrations. Wang et al. showed that the oral exposure of 20 and 120 nm ZnO NPs on mice would result in accumulation of NPs in liver, spleen, heart, pancreas and bones. 10 Sayes et al. showed that the intratracheal instillation of ZnO NPs causes reversible inflammation. 11 Moreover, many in vitro studies also demonstrate that ZnO NPs are toxic to mammalian cells. For example, Kim et al. found that ZnO NPs cause severe injury to primary cultured rat alveolar epithelial cell monolayers in a dose-and time-dependent manner. 12 Xia et al. reported that ZnO NPs induce toxicity in RAW246.7 and BEAS-2B cells, and demonstrated that ZnO dissolution dissociation which disrupts cellular zinc homeostasis, leading to lysosomal and mitochondria damage and ultimately cell death plays an important role in ZnO-induced cytotoxicity. 13 Sharma et al. demonstrated that even at low concentrations ZnO NPs possess a genotoxic potential in human epidermal cells and liver cells which may be mediated through lipid peroxidation and oxidative stress. 14 16 There is controversy on the effect of particle size to cell viability too. For example, Guo et al. found that cytotoxic effects of ZnO-NPs in leukemia cells are mainly based on surface composition but less related with the size. 17 In contrast, Nair et al. showed that toxic activity of ZnO-NPs in prokaryotic cells increase with the reduction of particle size 18 Baek et al. reported that the toxicity of ZnO NPs is highly dependent on their size and surface charge. 19 In general, ZnO NPs with a smaller size and positive surface charge exhibit higher cytotoxic effects.
Moreover, unlike other stable NPs, ZnO particles have a larger solubility, leading to more complicated interactions. Indeed, Hackenberg et al. demonstrated that release of Zn ions to the culture medium was significantly higher in samples exposed to ZnO NPs (diameter 350 nm) compared to samples exposed to ZnO powder (diameter over 10 m). 9 Song et al. demonstrated that the dissolved zinc ions in cell culture medium played a significant role in toxic effect of ZnO particles. 20 Moos et al. also demonstrated that direct particle-cell contact was necessary for generating cytotoxicity, and the toxicity of particles was independent on the amount of soluble Zn in the cell culture media. 21 Nonetheless, the exact effect of ZnO NPs solubility (in culture medium or intra-cells) on cytotoxicity is still needed to be substantiated.
Herein cellular toxicity of ZnO NPs and the intrinsic mechanism shall be studied and clarified by in vitro culture of mouse leukaemic monocyte macrophage cells (Raw246.7). It is known that macrophage is a type of multifunctional immune cells. Its phagocytosis is a main pathway to clean up particles in vivo. These cells form the first line of defense in the immune response to foreign materials in many tissues, and have a variety of stimulating rapid response capacities and play important roles in regulating immune responses and inflammation. In this study, solubility of ZnO NPs in media of different pH values is characterized. Attention shall be paid to the cytotoxicity of ZnO NPs and corresponding zinc ions in terms of cell viability, plasma membrane integrity, mitochondrial membrane potential, reactive oxygen species and cell morphology, as well as their influences on intracellular concentration of Zn 2+ . These results not only disclose the impairments of ZnO NPs but also the insight understanding of mechanisms for toxicity from cellular and molecular levels.
MATERIALS AND METHODS

Materials
The ZnO NPs were supplied by Evonik Degussa GmbH, Germany. Sodium dodecyl sulfate (SDS) was purchased from Haotian Co., Ltd. China. BCA kit was purchased from KeyGEN Co., Ltd. China. Triton X-100, amiloride-HCl, amantadine-HCl, sodium azide, genistein, 4 ,6-diamidino-2-phenylindole (DAPI), 2 ,7 -dichlorodihydro-fluorescein diacetate (DCFH-DA), and cytochalasin D (CytD) were purchased from Sigma-Aldrich. Rhodamine123 and Zinc Fluozin TM -3 were obtained from Invitrogen Co., Ltd. All other chemicals were of analytical grade and used as received. Milli-Q water was used throughout the experiments.
Characterization of ZnO NPs
Morphology
The morphology of the ZnO NPs was analyzed by transmission electron microscopy (TEM, Philips TECNAL-10). A drop of ZnO NPs suspension was added onto a copper meshwork with a carbon membrane, and dried at ambient conditions for TEM observation.
Size and Surface Charge Measurements
The size and surface charge of the NPs were determined using a Delsa TM Nano submicron particle analyzer (DelsaNano C, Beckman Coulter). To study the colloidal stability in different mediums, the ZnO NPs were dispersed in water, Dulbecco's modified eagle medium (DMEM) and DMEM containing 10% fetal bovine serum (FBS), respectively.
Protein Adsorption
After incubated in DMEM/10% FBS for different time, the ZnO NPs were centrifuged at 15000 rpm for 10 min and washed in phosphate buffered saline (PBS) 3 times. Then 5% SDS solution was used to wash off the proteins adsorbed onto the NPs under ultrasonication. After 1 h, the supernatant was collected by centrifugation at 15000 rpm for 10 min, and the protein concentration was determined by a BCA kit by referring to a calibration curve constructed with a series of dilutions of known concentrations of bovine serum albumin (BSA) standards at the same conditions.
Solubility Assay
After 100 g ZnO NPs were dispersed in PBS (pH 5.5, adjusted by 1 mol/L HCl)/10% FBS and DMEM (pH 7.2)/10% FBS at 37 C for different time, they were separated by centrifugation at 15000 rpm for 10 min, respectively. The concentration of Zn 2+ in the supernatant was determined by inductively-coupled plasma mass spectrometry (ICP-MS) by referring to a calibration curve constructed with known concentrations of ZnCl 2 at the same conditions. 
In Vitro
Cell Viability
To determine cell viability, 1×10 4 macrophages in 100 L medium were seeded in a 96-well plate and incubated overnight. The medium was replaced with fresh one containing ZnO NPs or ZnCl 2 solution of variable concentrations, respectively. After being further incubated for desired time periods, 20 L 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg/mL) was added to each well and the cells were further cultured at 37 C for 4 h. The dark blue formazan crystals generated by the mitochondrion dehydrogenase in viable cells were dissolved in dimethyl sulphoxide (DMSO), whose absorbance was measured at 570 nm by a microplate reader (Biorad Model 550). The data were normalized to the particle-free control group. All data were averaged from 3 parallel experiments.
Lactate Dehydrogenase LDH Assay
The LDH assay is a means of measuring either the number of cells via total cytoplasmic LDH or the amount of cytoplasmic LDH released into the medium which reflects membrane integrity. The LDH measurement was carried according to the user manual. For the total LDH measurement, 1×10
4 macrophages in 100 L culture medium were seeded into a 96-well plate and incubated overnight. The medium was replaced with fresh one containing 200 g/mL ZnO NPs. At determined time intervals, the cells were incubated with 10 L cell lysis solution for another 45 min after the medium was carefully removed. The plate was then centrifuged at 250 g for 4 min to pellet debris, and 50 L supernatant was transferred to a clean Elisa plate preceded with enzymatic analysis. LDH activity was measured using a reaction cocktails containing lactate, NAD + (nicotinamide adenine dinucleotide), diaphrose and iodotetrazolium chloride (INT). LDH catalyzes the reduction of NAD + to NADH (a reduced form of nicotinamide adenine dinucleotid) in the presence of L-lactate. NADH can be measured in a coupled reaction in which the tetrazolium salt INT is reduced to a red formazan product. Each sample was mixed with 100 L mixture assay and incubated at room temperature for 30 min. After addition of 15 L 1 M HCl to stop the reaction, absorbance of the mixture solution in each well was measured with a microplate reader at a wavelength of 490 nm. The data were normalized to the particle-free control group. To determine the released LDH amount, the cell culture supernatant was directly used for the measurement without the lysis procedure.
Measurement of Mitochondrial
Membrane Potential MMP After the macrophages (5 × 10 4 cells per well in a 24-well culture plate) were incubated with a medium containing 200 g/mL ZnO NPs for desired time intervals, rhodamine 123 solution was added with a final concentration of 5 g/mL. The cells were then continually cultured for another 30 min, washed 3 times with PBS, and then were trypsinized and re-suspended in PBS. The fluorescence intensity of the cells was determined via flow cytometry (FACS Calibur, Becton Dickinson BD). For each analysis, at least 10,000 cells were analyzed.
Measurement of Intracellular
Reactive Oxygen Species ROS The oxidation-sensitive probe DCFH-DA was employed for determination of the generation of ROS. DCFH-DA is an amphiphilic nonfluorescent molecule that readily crosses cell membranes, deacetylated by esterases and then oxidized to highly fluorescent 2 ,7 -dichlorfluorescein (DCF) in the presence of intracellular ROS. In this study, the macrophages were seeded in 24-well plates at a density of 5 × 10 4 cells per well and allowed to adhere overnight, and then were incubated with 200 g/mL ZnO NPs. After a certain period of time, the cells were incubated with a complete medium containing 10 M of DCFH-DA for 30 min at 37 C in dark. Then the cells were washed with PBS, trypsinized, collected and analyzed by flow cytometry.
Intracellular Level of Zinc Ion
The intracellular Zn 2+ concentration was measured by using a cell-permeant fluorescent indicator Zinc Fluozin TM -3, which is selectively bound to intracellular Zn ions and exhibits strong fluorescence. The macrophages were seeded in 24-well culture plates with a density of 5 × 10 4 cells per well and allowed to adhere overnight, and then were incubated with ZnO NPs and ZnCl 2 solution, respectively. At desired time intervals, Fluozin TM -3 was added to the cells with a final concentration of 2.5 M and the cells were incubated for another 30 min at 37 C in dark. The cells were washed with indicatorfree medium and incubated for another 30 min and then were trypsinized and collected. The relative fluorescence intensity of the cells was quantified by flow cytometry.
Cell Morphology
The morphology of macrophages incubated with ZnO NPs was observed by TEM. Cells were cultured in 6-well plates at a density of 2 × 10 5 cells per well until 80% confluence. After the cells were incubated with 200 g/mL ZnO NPs for desired time, they were prefixed with 2.5% glutaraldehyde at 4 C for 4 h and postfixed with 1% osmiumtetraoxide at 4 C for 1 h. The samples were dehydrated by a graded series of ethanol (50%, 70%, 80%, 90%, 95% and 100%), each for about 15 min, and then transferred to absolute acetone for 20 min. After the samples were placed in 1:1 mixture of absolute acetone and the final Spurr resin mixture for 1 h at room temperature, they were transferred The samples were placed in Eppendorf tubes which contained embedding medium, and heated at 70 C for about 9 h, followed by ultrathin sectioning with a Reichert ultra microtom. The sample sections were stained by uranyl acetate and alkaline lead citrate for 15 min, respectively, and observed under TEM (JEM-1230, JEOL).
Statistical Analysis
All in vitro experiments were performed in triplicates. The results are presented as mean ± standard deviation. Data are analyzed using t-test for differences. The significant level is set at p < 0 05.
RESULTS
Characterization of ZnO NPs
The ZnO NPs (from Degussa) are generally applied for coating additives in industry. In this study they were directly used without further treatment in order to mimic the real application situation. The ZnO NPs were firstly characterized in terms of morphology, size, surface charge and solubility. They have a polyhedron morphology with aggregation to some extent and an average diameter about ∼ 37 nm ( Fig. 1(a) ). The average size was found to be ∼ 229 nm in water according to DLS (Table I) due to the lack of surface protection and thus aggregation. The ZnO NPs possessed slightly negative charge on their surface with a zeta-potential of −16 mV in water. The size of the ZnO NPs increased significantly to ∼1680 nm in DMEM because salts in the medium could screen charge repulsion which stabilizes the NPs in aqueous solution, leading to a higher aggregation extent. The size decreased to ∼ 800 nm in DMEM/10% FBS due to adsorption of serum proteins (∼ 30 g/mg NPs) which could provide assistance to the particle stabilization. As another consequence of protein adsorption, surface zeta potential of the NPs increased to about −9 mV in the medium containing 10% serum. Since release of zinc ions from the NPs is one of the major reasons for their toxicity, solubility of the ZnO NPs at typical pH conditions was studied. As shown in Figure 1(b) , the ZnO NPs (feeding concentration 200 g/mL) could release Zn 2+ in the cell culture medium (pH 7.2) and reached a concentration of 0.87 g/mL after 4h incubation. Prolongation of the incubation time to 12 h only slightly increased the value to 0.96 g/mL, which should reach the maximum dissolution at this condition. Solubility of the ZnO NPs in a lysosomes-mimicking medium (pH 5.5), however, was much higher, resulting in 5.7 g/mL Zn 2+ and 8.97 g/mL after 4 h and 12 h incubation, respectively. These results suggest that release of Zn 2+ from the ZnO NPs would be 1 order larger inside those acidic organelles such as lysosomes compared to that in cell culture medium. This is quite reasonable since H + ions easily react with ZnO to form Zn 2+ and H 2 O.
Cytotoxicity of ZnO NPs
The MTT assay was adopted to detect the dose-dependent and time-dependant cytoviability ( Fig. 2(a) ). After being co-incubated with 25 g/mL ZnO NPs for 4 h, the cell viability significantly decreased to 70% compared to that of the particle-free control. It was further lowered down along with the increase of ZnO NPs concentration and decreased to 43% of the control after being incubated with 200 g/mL ZnO NPs for 4 h. Extension of the incubation time to 12 h reduced significantly the cytoviability regardless of the dose investigated so far, and then leveled off. For example, the cytoviability decreased to about 20% of the control after being co-incubated with 25 g/mL ZnO NPs for 12 h. All the results confirm that the ZnO NPs are highly toxic to macrophages especially at a higher dose and longer incubation time. Lactate dehydrogenase (LDH) is a soluble cytosolic enzyme present in most eukaryotic cells, and its total activity is related to cell viability. LDH can be released into culture medium upon cell death due to damage of plasma membrane. Therefore, the LDH activity in culture supernatant is proportional to the number of lysed cells. As shown in Figure 2(b) , the relative total LDH activity, which was determined from cells and normalized to that of the particle-free control, decreased monotonously along with the prolongation of co-incubation time in the presence of 200 g/mL ZnO NPs, and finally reached to 12% after 12 h. This is in good accordance with the MTT assay, suggesting again the significant cytotoxicity of ZnO NPs. By contrast, the released LDH amount increased along with the incubation time (Fig. 2(c) ), suggesting that the cell lysis is at least one of the major reasons for the cytotoxicity.
The mitochondrion is one of the important cellular organelles which regulates cell metabolism and provides energy, and also involves in signaling, cell differentiation, and cell death. Mitochondrial membrane potential (MMP) is a key indicator of mitochondrial health, which reflects the pumping of hydrogen ions across the inner membrane during the process of electron transport and oxidative phosphorylation, the driving force behind ATP production. 22 The MMPs of cells co-incubated with the ZnO NPs obviously decreased along with the incubation time, and eventually reached to 2% of the particlesfree control after 12 h (Fig. 2(d) ). The general alteration tendency is in good accordance with the LDH assay ( Fig. 2(b) ), but the relative values are decreased with a faster rate, implying that the structure and function of mitochondria are more significantly destroyed than the cell integrity.
Reactive oxygen species (ROS) are essential intermediates in oxidative metabolism. Nonetheless, when generated in excess, ROS can damage cells by peroxidizing lipids and disrupting structural proteins, enzymes and nucleic acids. To assess the intracellular oxidative stress, a cell permeable oxidation-sensitive probe DCFH-DA was used to determine the ROS. The DCFH-DA is a non-fluorescent molecule that can easily transport across the cell membrane, and deacetylated by esterases to form nonfluorescent 2 ,7 -dichlorfluorescein (DCFH). DCFH is trapped inside the cells and further converted to highly fluorescent compound 2 ,7 -dichlorfluorescein (DCF) in the presence of peroxidase. 20 The intracellular ROS level of the cells significantly increased to almost 8 times after being incubated with ZnO NPs for 4 h (Fig. 2(e) ), confirming the elevated oxidative stress inside cells. The ROS level then decreased to a certain extent due to the cell death and destruction of the cell membrane (Fig. 2(b) ), leading to the leakage of intracellular ROS.
The intracellular concentration of Zn 2+ was detected by a cell-permeant nonfluorescent indicator Zinc Fluozin TM -3. After transported into cells and cleaved by esterases, it can selectively bind to Zn 2+ and then emit strong fluorescence. As shown in Figure 2 This maximum value appears somehow earlier than the destruction of cell membrane ( Fig. 2(b) ). This 2 h gap might be the required time for the action of released Zn 2+ ions to cells. Finally, the intracellular concentration of Zn 2+ decreased to 2 folds at 12 h due to the destruction of cell membrane and release of intracellular components.
Several studies have shown that Zn 2+ inhibits cellular respiration by interfering functions of cytochrome and -ketoglutarate dehydrogenase. [23] [24] [25] It is also possible that Zn 2+ may exert extra-mitochondrial effects contributing to ROS generation, including activation of NADPH oxidase via protein kinase C as well as generation of peroxynitrite (ONOO − ) or NO via the induction of nitric oxide synthase activity. A high level of Zn 2+ can contribute directly to mitochondrial pore opening and cytochrome C release, resulting in apoptosis/necrosis in target cells. 26 27 Not only does Zn 2+ trigger ROS generation but also cellular oxidant injury promotes further Zn 2+ release from metallothioneins. Zn 2+ can also inhibit key enzymes in the glycolytic pathway, leading to ATP depletion in cells. 13 28-30 Therefore, the elevation of intracellular Zn 2+ concentration would be the intrinsic reason for the high toxicity of ZnO NPs. The cell morphology after incubated with 200 g/mL ZnO NPs was also observed by TEM (Fig. 3) . The particlefree control cells showed an intact nuclear membrane and plasma membrane structure with a few small vacuoles in the cytoplasm (Fig. 3(a) ). After the cells were incubated with ZnO NPs for 1 h (Fig. 3(b) ), some large intracytoplasmic clefts (arrow headed) could be observed, indicating the necrosis of cells in response to toxicity. The plasma membrane structure was changed obviously and lost their coarse sub structure after the cells were incubated with ZnO NPs for 4 h (Fig. 3(d) ), confirming the postulation of destruction of plasma membrane. Obvious defects could be found on the boundary of the cells, and the cytoplasm became porous (Fig. 3(e) ), clearly indicating the destruction of plasma membrane and release of intracellular components 8 h later. At this time point, the cell nuclear membrane also became fragments and the nucleus started to decompose, which are the indications of cell death. According to the above results, one can safely conclude that the ZnO NPs are highly cytotoxic due to the enhancement of intracellular concentration of Zn 2+ , thus elevating the ROS level inside cells, destroying the integrity and function of plasma membrane and mitochondria, and inducing cell necrosis.
In order to elucidate this issue, cytotoxicity was assayed by culture cells in the mediums containing Zn 2+ at the concentrations comparable to the solubility of 200 g/mL ZnO NPs at pH 5.5 and pH 7.4, respectively. Surprisingly, the Zn 2+ at both concentrations did not show obvious influence on cell viability in the whole experimental period, e.g., over 80% of the cell viability was maintained after being incubated with 10 g/mL Zn 2+ for 48 h (Fig. 4(a) and less dependent on the culture time. Also, the Zn 2+ in the cell culture medium only brought very limited change on the intracellular Zn 2+ concentration (Fig. 4(b) ), which is almost independent on the feeding concentration of Zn 2+ and culture time. These results suggest that the Zn 2+ , either in it's free ion state or conjugate state with proteins, is not cell-permeant and thus can not directly influence on the intracellular Zn 2+ level and cell viability. It is then reasonably to deduce that toxicity of ZnO NPs must be attributed to the cellular uptake and subsequent release of Zn 2+ inside cells. To confirm this hypothesis, cell uptake pathways of the ZnO NPs were further studied. It is known that the particles can be transported into cells through several different pathways such as phagocytosis, and receptor-mediated or nonspecific endocytosis. [31] [32] [33] [34] There are several possible endocytic pathways for internalization of exogenous particles, including clathrin-mediated endocytosis, caveolae-mediated endocytosis, clathrin-caveolae-independent endocytosis and macropinocytosis. 35 To determine the uptake mechanism of the NPs, the NPs were feed to the macrophages in presence of special inhibitors. The macropinocytosis could be blocked by amiloride-HCl due to disturbance of Na + /H + -channels; 36 the clathrin-mediated endocytosis can be inhibited by amantadine-HCl by preventing budding of clathrin-coated pits; 37 the caveolae-mediated uptake would be blocked by genistein through blocking Src-family tyrosine kinases; 38 and the cytoskeleton could be destroyed by CytD, which has a strong impact on particle transportation in cells. Figure 5 (a) shows that uptake of the ZnO NPs was significantly blocked by amiloride-HCl, suggesting that internalization of the ZnO NPs is mediated by macropinocytosis. The existence of amantadine-HCl and genistein did not obviously affect ingestion of the ZnO NPs, indicating that the clathrin-mediated and caveolaemediated uptake pathways almost have no influence on the NPs internalization. Besides, CytD also significantly inhibited uptake of the NPs, suggesting cytoskeleton also plays important roles in NPs transportation in cells. If the intracellular release of Zn 2+ ions from internalized ZnO NPs is the intrinsic reason for cytotoxicity, inhibition or partial blocking of the endocytosis will then reduce the cellular uptake, and thereby the cytotoxicity. According to the above results, the cytoviability was further determined in the presence of uptake inhibitors for the ZnO NPs, i.e., amiloride-HCl and CytD. Figure 5(b) shows that cytoviability was indeed significantly maintained compared with the inhibitors-free control.
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DISCUSSION
Metal and metal oxide NPs may be toxic for two reasons: (1) higher catalytic properties as a result of nanoscale structure and/or surface modification, which interfere with numerous intracellular biochemical processes, and (2) decomposition of NPs and subsequent leakage of ions, which heavily interfere with the intracellular homeostasis of free metal ions (extremely low levels in cytoplasm and essential for cell metabolism). Different from many other stable metal oxide NPs, our results and others demonstrate that toxicity of ZnO NPs is mainly caused by release of Zn 2+ , leading to abnormal increase of intracellular concentration of Zn 2+ and thereby elevation of ROS level and impairment of cell viability. 13 39-43 However, it is uncertain if the Zn 2+ ions are released in the culture medium and then transferred into cells, or the ZnO NPs are endocytosized and then released zinc ions inside cells, although the solubility at different pH has been clarified as shown in Figure 1(b) . Previous results are even contradictory. For example, Song et al. demonstrated that the Zn 2+ in cell culture medium released from ZnO NPs significantly lower down cell viability. 20 Xia et al. suggested that dissolution of ZnO NPs in culture medium and endosomes are both responsible for the toxicity of NPs. They showed that altering the ZnO matrix through Fe doping decreases particle dissolution in tissue culture media, reducing the toxicity of the NPs in vitro and in vivo. 44 45 According to these results, the toxicity is mainly attributed to the leakage of Zn 2+ from ZnO NPs, which could happen both in the medium and inside cells. Müller et al. showed that ZnO nanowires with a high aspect ratio are cytotoxic to human monocyte macrophages at similar concentrations as ZnCl 2 due to the arising of intracellular Zn 2+ concentration. 46 They suggested that the fast intracellular dissolution of ZnO nanowires at acidic environment in lysosomes (pH 5.5) might be the major reason for the toxicity. However, the toxicity of Zn 2+ released from ZnO NPs in the culture medium was not studied, leaving the theory vulnerable.
Based on our findings, one can conclude that cytotoxicity of the ZnO NPs is intrinsically related with the cellular uptake, and subsequent release of large amounts of Zn 2+ in cytoplasm and particularly cellular organelles such as lysosomes which have lower pH values.
CONCLUSION
In summary, we have demonstrated that ZnO NPs are highly cytotoxic to Raw246.7 macrophages in a dose and time-dependent manner. Cellular uptake and intracellular dissolution of ZnO NPs play an important role in their cytotoxicity, while the equivalent concentration of Zn 2+ in cell culture medium causes rather weak cytotoxicity. The intracellular dissociation of ZnO may disrupt cellular zinc ion homeostasis, leading to elevation of the ROS level inside cells and thereby destroying integrity of plasma membrane and functions of mitochondria, and ultimately cell necrosis. 
